CAD ϭ computer-aided detection FP ϭ false-positive ROC ϭ receiver operating characteristic SNO ϭ surface normal overlap TP ϭ true-positive 
tion of pulmonary nodules. Some of the most common indications for performing chest computed tomography (CT) are clinical signs or symptoms suspicious for cancer, or possible nodules seen with less-specific imaging tests such as chest radiography.
The detection of pulmonary nodules at CT is influenced substantially by the method of image data acquisition. The development of multi-detector row CT technology has made it possible to acquire volumetric data of the lungs with unprecedented spatial resolution during a single breath hold. Although higher spatial resolution, in principle, allows the detection of smaller nodules, one drawback of high-resolution acquisitions is that many more transverse reconstructions are generated than with thick-section techniques. The interpreter must examine up to 10 times the number of images that previously had to be examined. As a result, the efficiency of the interpreter is adversely affected. Furthermore, the increased likelihood of tediuminduced fatigue may adversely affect diagnostic accuracy, particularly because pulmonary lesions are more difficult to discriminate from adjacent normal vascular structures as section thickness diminishes.
In recognition of the important role that CT currently plays in the detection of pulmonary nodules, we believe that there is a critical need to develop methods of CT analysis that ensure accurate, consistent, and efficient diagnoses while facilitating radiologists' ability to capitalize fully on the added spatial resolution available with thoracic multi-detector row CT with a section thickness of 1.5 mm or less. Double reading by two trained human observers has been shown to improve the detection of both lung cancers and breast cancers on chest radiographs and mammograms, respectively. The paradigm for double reading is based on the "OR" rule, according to which a positive interpretation is assigned to any finding deemed positive by either of two independent readers (1) (2) (3) (4) . Double independent readings of mammograms result in a 10%-15% increase in breast cancer detection, compared with single readings (1) (2) (3) 5, 6 ), but they are also associated with an increase of 1%-10% in the false-positive (FP) rate (3, 5) . In the assessment of chest radiographs for lung cancer, double independent reading performed according to the "OR" rule results in a 3%-30% (mean, 13%) increase in sensitivity, with a 1%-9% (mean, 5%) decrease in specificity (4) .
The increased cost of interpretation when two readers are employed in double reading has motivated the development of computer-aided detection (CAD) methods that could replace the second reader. The use of CAD as a second reader to identify opacities that the radiologist might have missed has been shown to result in a significant increase in sensitivity in the interpretation of mammograms (7) and chest radiographs (8) . The latter application of CAD was found to result in a 13%-16% increase in sensitivity without an increase in FP frequency (8) . These data support the expectation that radiologists effectively should be able to filter out FP results presented by CAD, thereby increasing the number of true-positive (TP) detections and, therefore, the sensitivity of the method, without a substantial decrease in specificity. This is precisely the role we propose for CAD in lung cancer detection.
Thus, the purpose of our study was to compare the performance of radiologists and our CAD algorithm for pulmonary nodule detection on thin-section thoracic CT scans.
MATERIALS AND METHODS

CT Scan Acquisition
Thoracic CT scans from 21 consecutive outpatients who were referred because of clinical suspicion of pulmonary nodules were retrospectively collected between October 2000 and January 2001. The outpatient group included 16 male and five female patients aged 15-91 years (mean, 64 years). Three patients had extrathoracic malignancy, and one of the three had known metastases. The remainder had or were suspected of having at least one of the following: cardiac disease (coronary artery disease or cardiomyopathy), chronic obstructive pulmonary disease, and inflammatory lung disease. A CT scan from an 82-year-old man with active diffuse mycobacterial infection was excluded from the cohort because of the presence of large areas of heterogeneous parenchymal consolidation and mucus plugs, which hindered the confident identification of pulmonary nodules in the reference reading. Thus, 20 CT scans were used for the analysis. The study was performed under the auspices of a protocol approved by our institutional review board, and the requirement for informed consent was waived.
All CT scans were acquired without an intravenous contrast agent, from the lung apices through the upper abdomen, by using a four-detector row CT scanner (Volume Zoom; Siemens Medical Systems, Erlangen, Germany). Scans were acquired by using a detector configuration of four rows with 1-mm section thickness (4 ϫ 1 mm), beam pitch of 1.5-1.75, gantry rotation time of 0.5 second, tube potential of 120 kVp, and tube current of 200 -300 mA. The data were reconstructed into 1.25-mm-thick sections with 0.6-mm intervals by using a highresolution reconstruction kernel. The number of sections reconstructed per patient ranged from 431 to 664 (mean, 540).
Image Interpretation by Three Independent Radiologists
Three faculty radiologists (L.C.C., R.M., and A.N.L., with 5, 20, and 10 years of experience, respectively) independently read the 20 CT scans. L.C.C. and R.M. are specialists in general body imaging, and A.N.L. specializes in thoracic imaging. Readings of the transverse CT sections were performed at a standard clinical CT viewing station (Centricity; GE Medical Systems, Milwaukee, Wis) in stacked cine mode. Images were initially displayed with a window level of Ϫ750 HU and a window width of 1500 HU, but the readers were free to alter these values at their discretion. The readers were instructed to identify all noncalcified pulmonary nodules with a diameter of 3 mm or more on the CT scans by using a procedure similar to that used in routine clinical practice. The readers used an on-screen cursor that they placed over a nodule candidate to identify its unique three-dimensional coordinates. These coordinates, along with a confidence rating on a scale from 1 to 5 for each nodule candidate, were dictated into a tape recorder. The confidence ratings were as follows: 5, definitely a nodule; 4, probably a nodule; 3, possibly a nodule; 2, unlikely to be a nodule; and 1, very unlikely to be a nodule. The readers timed the interpretation of each patient study with a stopwatch. The recorded data were transcribed onto a spreadsheet by using software (Excel version X for Macintosh; Microsoft, Redmond, Wash) for analysis.
Detailed descriptions of the CAD method (Fig 1) , the lung nodule evaluation platform used in establishing the reference standard, the procedure for establishing the reference standard, and the assessment of CAD algorithm performance with leave-one-out cross valida- 
Reference Standard
A consensus panel of two thoracic radiologists (D.P.N., G.D.R., with 25 and 14 years of experience, respectively, in reading thoracic CT scans) interpreted the 20 CT studies by using a specially developed computer-based lung nodule evaluation platform, which is described in Appendix E1. The interpretation of the CT scans for establishment of the reference standard occurred both as a free search through the CT sections and as a directed analysis of all nodule candidates identified by the three independent radiologist readers and by the CAD system (training of the CAD system for this purpose is described in Appendix E1). The panel members, without knowledge of the source of detection of the nodule candidates, assessed each candidate and arrived at a final decision in consensus as to whether it was a nodule (TP finding), FP finding, or indeterminate. All FP detections were classified in one of five categories, as peripheral vessel, central vessel, airway wall, amorphous parenchymal opacity, or artifact. In addition, the greatest dimension of each nodule (TP detection) was measured with digital calipers.
Statistical Analyses
The results of CAD after cross validation, and the results of the three individual readings, were compared with the reference standard. Free-response ROC curves were calculated from these data to enable comparison of the performance of radiologists and of CAD by means of alternative free-response ROC analysis (9 -11) . Although free-response ROC and alternative free-response ROC analyses are not yet as fully developed as classic ROC analysis and are based on certain statistical assumptions (12) , they are better suited to the free-response paradigm that was used in this study (9, 11, 13) , and they are widely used in the evaluation of CAD (14) . For the three radiologists, free-response ROC curves were created by plotting sensitivity for TP detections versus the average number of FP detections per patient at each of the five operating B, Schematic representation of surface normal vectors (blue) generated at isosurface (red) in same lung region as that bounded by aqua box in A. Normals are generated in three dimensions in volumetric CT data at all isosurfaces in the thick region extracted during segmentation. C, Map of SNO-CAD scores for all voxels displayed in A, calculated by using a clustering algorithm to quantify convergence of normal vectors, confirms identification of pulmonary nodule. Scale at bottom indicates 12-bit scaling of SNO-CAD scores (0 -8). D, Image with superimposed schema shows application of lantern transform to nodule in contact with blood vessel. Rays of visibility (black radii) cast from a SNO-CAD-identified nodule candidate are used to generate an approximately spherical surface (red). E, Image with superimposed schema shows application of lantern transform to SNO-CAD-identified nodule candidate in pulmonary vessel. Rays of visibility generate an ellipsoid surface less spherical than that in D. Quantitative characteristics of this ellipsoid result in its rejection as a nodule candidate, while those of the ellipsoid in D allow it to remain a nodule candidate.
points: 5, 4 -5, 3-5, 2-5, and 1-5. For CAD alone, the free-response ROC curve was calculated by varying the lower limit of the SNO-CAD performance score (defined in Appendix E1) and similarly plotting sensitivity for TP detection versus the average number of FP detections per patient across a range of SNO-CAD score thresholds. For the comparison of SNO-CAD scores with reader confidence levels by using alternative free-response ROC analysis, we mapped SNO-CAD scores for both TP and FP detections to radiologists' mean performance values (mean FP detections, mean assessment time) at the five confidence levels (First Mapping, Table 1). For example, at the highest confidence level, the mean number of FP detections per patient by the three radiologists was 0.43. Thus, all TP detections made by the CAD system at a threshold above a mean of 0.43 FP detections per patient were mapped to a confidence score of 5. Software (ROCKIT; C. Metz, University of Chicago, Chicago, Ill) was used to analyze alternative free-response ROC data. This software was used to fit a binormal alternative free-response ROC curve to the data from each reader (including the scaled SNO-CAD scores) and to compare the areas under the curve for each pair by using a univariate z-score test (15) . The procedure for coding freeresponse ROC data for use with the binormal model used in this software has been described previously (9 -11) .
To quantify radiologists' potential for achieving increased sensitivity with CAD as opposed to a second radiologist, we compared weighted values for radiologist-radiologist and radiologist-CAD agreement. Our hypothesis was that radiologists and CAD tended to detect different groups of nodules. This hypothesis was tested by comparing the overlap between the sets of nodules detected by CAD and by radiologists with the overlap between the sets of nodules detected by different radiologists. For the calculation of weighted values for CAD, SNO-CAD scores were mapped onto the 0 -5 confidence scale by using two mapping procedures. In the first mapping, the same thresholds described previously for alternative free-response ROC analysis were used. In this mapping procedure, CAD performance results were scaled to radiologist performance results, as was necessary for a quantitative comparison of CAD and radiologist free-response ROC curves by using alternative free-response ROC analysis. This first mapping, however, was focused on a very narrow range of CAD performance parameters that did not reflect how CAD might be used in clinical practice. In the clinical setting, we believe, the time spent in reviewing CAD results will dictate the use of CAD. In our experience, the amount of time that radiologists spend in using the lung nodule evaluation platform to interact with CAD before classifying a CAD-identified nodule candidate as a TP or FP detection is 5-7 seconds. The range of total CAD interaction times in the first mapping was 3-15 seconds. Most radiologists at our institution are willing to spend 1-2 minutes in assessing CAD detections after completing their initial independent review of a CT scan. Therefore, we performed a second mapping that was based on the amount of time that radiologists likely would be willing to spend in assessing CAD detections after their initial independent reading. In this mapping, ratings of 5, 4, 3, and 2 were assigned to interaction times of 30, 60, 90, and 120 seconds, respectively. A rating of 1 corresponded to total interaction times of more than 2 minutes for assessment of all CAD detections. If we assume an average interaction time of 6 seconds per CAD detection, this translates into a mapping based on ranges of 1-5, 6 -10, 11-15, 16 -20, and more than 20 CAD detections (Second Mapping, Table 1 ).
Finally, to assess the potential improvement in radiologists' sensitivity with use of CAD as a second reader, we compared the sensitivities (based on the numbers of TP detections at confidence levels of 3-5) of individual radiologists' interpretations to those of double reading and paired radiologist-CAD readings at several CAD thresholds for FP detection. For this analysis, we assumed that radiologists would accept all TP detections made with CAD. Sensitivity levels achieved by radiologists with individual reading, double reading, and CAD were compared by using the McNemar test.
For all statistical testing results, a P value of less than .05 was considered to indicate a significant difference.
RESULTS
Reference Standard
The consensus panel was presented with 1297 detections for directed review from the three radiologists and CAD. Of these 1297 detections, the consensus panel characterized 936 as definitely not nodules, 34 as indeterminate, and the remaining 327 as nodules. Of these 327 nodules, 288 were noncalcified nodules with a diameter of 3 mm or more (n ϭ 193) or a diameter of less than 3 mm (n ϭ 95), and 39 were calcified nodules with a diameter of less than 3 mm (n ϭ 17), 3-6 mm (n ϭ 21), or 10 mm (n ϭ 1). In addition to the 193 noncalcified nodules with a diameter of 3 mm or more that were present in the set of radiologist-CAD detections, two other noncalcified nodules within the same diameter range were detected with a free search by the consensus panel, which resulted in an increase in the total number of noncalcified nodules with a diameter of 3 mm or more, to 195. Indeterminate findings, calcified nodules, and noncalcified nodules with a diameter of less than 3 mm represented 13% of all detections and were not included in the performance analysis; in other words, if the reader or the CAD system detected a nodule candidate that met one of these criteria, the observation was not considered in calculations of sensitivity or FP metrics.
We determined the distribution of the 195 noncalcified nodules with a diameter of 3 mm or more across the 20 subjects (Fig 2) . The number of nodules per CT scan ranged from 0 to 65. We calculated a histogram of nodule diameters for all 195 nodules identified in the reference read- ing (Fig 3) . The mean nodule diameter was 5.1 mm Ϯ 2.3 (standard deviation). Seventy-one percent of the nodules were located in the peripheral two-thirds of the lung and 29% were located in the central one-third of the lung. The majority of FP detections (n ϭ 584) were small peripheral vessels, most commonly branch points (Fig 4) . Amorphous parenchymal opacities representing platelike atelectasis, scar, or other parenchymal heterogeneity accounted for 220 FP detections, 124 (56%) of which were found in just four patients. Two of these patients had moderate centrilobular emphysema, and the other two had scar or atelectasis in multiple regions of the lung. The remaining FP detections consisted of local airway wall thickening, typically at bifurcations (n ϭ 67); scanning artifact due to respiratory or cardiac motion-induced misregistration (n ϭ 35); and central vessels (n ϭ 30). In general, FP detections were easily discriminated from TP detections by the consensus panel, particularly when the lung nodule evaluation platform was used to observe the three-dimensional relationships of the blood vessels and airways.
Radiologist Performance
Free-response ROC curves of the three radiologists' individual performance were plotted for the 195 noncalcified nodules with a diameter of 3 mm or more and the 76 nodules with a diameter of 5 mm or more (Fig 5) . Readers 1-3 required a mean of 4.7, 9.8, and 7.4 minutes (range, 1.8 -20.0, 5.0 -21.0, and 4.9 -20.0 minutes), respectively, to interpret each scan. Reader 2 had the highest sensitivity for detection of nodules with a diameter of 3 mm or more, but spent 108% (5 minutes) and 33% (3 minutes) more time than did readers 1 and 3, respectively, in interpreting each case. It is noteworthy that reader 3 had substantially lower sensitivity, in spite of using 56% more time than did reader 1 to interpret the scans. While striking, this variability is consistent with that in previously published reports of lung nodule detection in animal models (16) .
The area under the alternative free-response ROC curve (A 1 ) was 0.48, 0.55, and 0.36 for readers 1, 2, and 3, respectively (Fig 6) . It is important to note that an area under the curve of 0.5 in alternative free-response ROC analysis does not have any special meaning, unlike traditional ROC analysis, in which an area under the curve of 0.5 indicates a performance difference attributable to chance (10) . There was a significant difference in area under the alternative free-response ROC curve between reader 3 and the other two readers (P Ͻ .05), whereas the difference between readers 1 and 2 was not significant (P ϭ .06).
Performance of CAD versus Radiologists
The free-response ROC plots for CAD of nodules with a diameter of 3 mm or more and those with a diameter of 5 mm or more are also presented in Figure 5 over the range of per-patient FP detections, with an upper limit of 100 FP detections. The performance of CAD approximates that of the three radiologists over the range of FP detections made by radiologists. Alternative free-response ROC analysis of CAD performance resulted in an area under the curve of 0.54 (Fig 6) . Note that this curve represents CAD performance up to a threshold of only 1.82 FP detections per CT scan and not the full range of CAD detections represented in free-response ROC plots (Fig 5) . Alternative free-response ROC analyses in which the performance of each reader was compared with that of CAD indicated that the area under the curve for CAD performance was significantly better than that for reader 3 (P Ͻ .05). The performance of the CAD system was not significantly different from that of the other two radiologists (P ϭ .27 and .78 for readers 1 and 2, respectively).
Agreement between Reader-Reader and Reader-CAD Interpretations
We prepared two Venn diagrams to illustrate the substantial interreader variability in detection of nodules with a diameter of 3 mm or more and those with a diameter of 5 mm or more at a confidence level of 3-5 for radiologist detections and at an average of 15 FP detections for CAD (Fig 7) . This reader confidence level range was selected because reader confidence levels of 3 and higher correspond to lesions that are considered clinically reportable. The CAD threshold was selected to correspond to a hypothetical reader-CAD interaction time of 90 seconds, based on an assumed average of 6 seconds per CAD detection. CAD identified 35 nodules with a diameter of 3 mm or more that were not detected by any of the three readers. CAD also identified the overwhelming majority of nodules detected by the readers. Although the overall performance level of reader 3 was significantly below those of the other two radiologists in this study (Fig 6) , it is consistent with other published reports of radiologists' performance (16) . In addition, reader 3 identified four nodules with a diameter of 3 mm or more that were not detected by the other readers in our study.
To quantify the differences in performance between readers and CAD, we compared weighted values for the three reader-reader combinations and the three reader-CAD combinations by using two different scales for mapping CAD results to reader confidence levels of 0 -5 ( Table 2) .
All three values associated with interreader agreement are higher than all three values associated with reader-CAD agreement with either of the two mappings. Despite having only three reader-reader and three reader-CAD comparisons, this pattern indicates a significant difference in agreement (Wilcoxon rank sum test, P Ͻ .05).
Of particular note is that even with the use of strict thresholds for the first CAD mapping, which included only CAD detections associated with fewer than 1.82 FP detections by CAD per case, the CAD system found a mean of 42 lesions (or 2.1 lesions per case) that were missed by radiologists, whereas individual radiologists found a mean of 23 lesions (or 1.15 lesions per case) that were missed by the other reader.
When this interaction was modeled, a mean sensitivity increase was seen for the detection of noncalcified nodules with a diameter of 3 mm or more. Modeling was performed with pairing of the results of individual radiologists' readings (confidence levels 3-5) by using the "OR rule" and with pairing of the results of individual radiologists' readings with CAD results at various score thresholds (Fig 8) . Double reading (reader-reader interpretation) at these confidence levels resulted in a mean of 2.8 -3.0 FP detections per patient, depending on the reader pair. The mean sensitivity of individual readers' interpretations was 50% (range, 41%-60%). On average, double reading improved this value to 63% (range, 56%-67%). If the readers accepted all TP CAD detections, the mean sensitivity for reader-CAD interpretations at the different CAD classifier thresholds would be 76% (range, 73%-78%), 79% (range, 77%-82%), 84% (range, 83%-86%), and 85% (range, 84%-87%) for thresholds allowing an average of three, five, 10, and 15 FP detections, respectively. Sensitivity was significantly higher for reader-CAD interpretations than for interpretations by readers individually or in pairs (P Ͻ .05).
DISCUSSION
Although chest CT is substantially more sensitive for the detection of lung cancer than is chest radiography (17) (18) (19) , current CT practice (use of 5-10-mm-thick sections for interpretation) has major shortcomings. In the Anti-Lung Cancer Association screening program (18) , seven (32%) of 22 lung cancers with diameters ranging from 4 to 13 mm (mean, 8 mm) were initially missed and were diagnosed only in retrospect, after they had grown, at follow-up CT imaging (20) . In 281 patients undergoing lung volume reduction surgery for the treatment of advanced emphysema, only eight (47%) of 17 bronchogenic carcinomas were detected at preoperative CT; missed lung cancers had a mean diameter of 8 mm (21) . With regard to resection of pulmonary metastases, sensitivity of conventional CT with the use of 8 -10-mm-thick sections ranged from 58%-78% relative to a reference standard determined by surgical palpation and excision (22) (23) (24) (25) .
In two recently published series in which the performance of helical CT with 5-mm collimated sections was compared with that of surgical excision and histologic confirmation, the average sensitivity of CT was 70%-75% for all metastases but was substantially lower for smaller lesions (26, 27) . In an in vivo study of 5-mm-thick CT sections obtained in four dogs with 132 osteosarcoma metastases macroscopically evident at pathologic examination, 10 radiologists had sensitivities from 11%-42% (mean, 30%) in the detection of metastases, of which nine were more than 10 mm, 24 were more than 5-10 mm, and 99 were less than 5 mm in diameter (16) . These limitations in sensitivity are due in part to the use of thick CT sections, which limits the detection of smaller pulmonary nodules because of volume averaging. The routine use of thin-section CT (1-mm section thickness), made possible by the development of multi-detector row CT scanners, should substantially improve the detection of lung nodules (28) .
As recently as 1998, the most advanced CT scanners were single-detector row CT scanners that required 25-30 seconds to image the entirety of the lungs with 7-10-mm-thick sections. Today, multidetector row CT with 16 detector rows allows the entire adult lung to be scanned with 1-mm-thick sections in as Figure 7 . Venn diagrams demonstrate variability among the three readers in the number of TP detections with a confidence level of 3-5 for, A, nodules with a diameter of 3 mm or more and, B, nodules with a diameter of 5 mm or more. Inside the circles, numbers in parentheses represent TP detections that were not detected by the CAD system. Inside the boxes, numbers indicate total TP detections with CAD used at an upper threshold of 15 FP detections per patient; numbers in parentheses indicate TP detections by the CAD system that were not seen by any reader. These diagrams show that at the selected thresholds all three readers made unique detections and that only 33% of nodules with a diameter of 3 mm or more and 64% of nodules with a diameter of 5 mm or more were detected by all three readers. The CAD system detected a majority of the readers' detections and made 35 unique detections (Ն3-mm-diameter nodules)-more than any reader. Figure 8 . Bar graph shows mean sensitivities for the three readers individually, paired in double readings, and paired with the CAD system, assuming 100% acceptance of TP CAD detections by the radiologists. Four CAD thresholds were tested and are indexed according to the mean number of FP detections that readers would need to assess and exclude. Only nodules identified with a reader confidence level of 3-5 were included in this analysis. The error bars indicate the low-high range of the values. This diagram illustrates that when CAD operates at a threshold that results in only three FP detections per patient, significantly better performance and reduced interradiologist variability (narrower high-low error bars) were found for radiologists paired with the CAD system, compared with radiologists reading alone or in pairs. Note the small incremental improvement in performance as CAD is allowed to become more sensitive at the expense of a greater number of FP detections.
little as 5 seconds. This improvement has the potential to increase diagnostic accuracy in pulmonary nodule detection substantially, compared with that at singledetector row helical CT. Criticisms of the routine acquisition of thin (1-mm) sections for lung imaging have centered around concern for the resultant increase in radiation exposure to the patient, compared with that during the acquisition of thick sections. In the context of multi-detector row CT, this concern is spurious for several reasons. First, 16 -detector row CT scanners cannot be used to acquire raw projection data in section thicknesses of more than 1 mm (or 1.5 mm, depending on the manufacturer). The reconstruction of thicker sections is simply the result of the weighted addition of raw projection data acquired with narrow detector widths. Therefore, the radiation exposure associated with a stack of 1-mm sections will be identical to that for the thicker reconstructions. Second, although thin-section reconstructions are noisier than thick ones, it may not be necessary to increase the radiation dose to compensate for these levels of increased noise, as a concomitant reduction in volume averaging improves lesion visibility (29) .
Although it might seem evident that the sensitivity of radiologists for the detection of lung nodules would increase with the substantially higher spatial resolution of multi-detector row CT data compared with that of single-detector row CT data, improved sensitivity cannot be assumed, for two main reasons. First, normal lung blood vessels appear more nodule-like in thinner cross-sections, and, thus, differentiation of nodules from vessels is more difficult. Second, a seven-to 10-fold increase in the amount of data to be reviewed per patient could substantially tax the attentiveness required for accurate lung nodule identification. These phenomena may explain why the performance of the three radiologists in the current study was not substantially better than that of radiologists in other studies reported in the literature, in which thicker sections were used for interpretation (16,18,20 -27) . Thus, current CT technology presents new challenges and opportunities to radiologists that should fundamentally alter the paradigms with which lung scans are acquired and interpreted. We believe that CAD will play a key role in enabling radiologists to maximize their diagnostic performance when interpreting large, thin-section multi-detector row CT scans.
Previous investigations of CAD of nodules on lung CT scans have been reported with sensitivity and FP values for various CAD methods applied to single-detector row CT scans with 5-10-mm-thick sections (30 -40) ( Table 3 ). The first study listed in Table 3 is noteworthy for its cohort composed exclusively of patients undergoing low-dose screening CT, in whom lung cancer was present but was either undetected or misinterpreted as benign by a radiologist (39) . These data, while obtained in a different patient population and with a different CT technique (10-mm-thick sections) than data in our study, showed that 23 (61%) of 38 undetected lung cancers were missed because the lesions were not seen, while 15 (39%) of 38 undetected cancers were found but were characterized as benign on the basis of their appearance. Our data demonstrate that it is possible to develop a CAD algorithm that, when applied to thin-section multi-detector row CT scans, has sensitivity comparable with that of radiologists at thresholds that result in only a small number of additional FP detections, which radiologists presumably would be able to eliminate correctly. Moreover, the TP detections made by our CAD system complemented radiologists' TP detections to a greater extent than did those made by second readers and allowed a substantially greater improvement in radiologist sensitivity and reduction in interradiologist variability than did double reading by radiologists.
An important difference between our data and those published previously (Table 3) is that the average diameter of the pulmonary nodules in our cohort was substantially smaller. This is likely attributable to two factors: the thinner-section multi-detector row CT data available for the reference reading, which allowed confident detection of smaller (3-5-mm) lesions, and the use of a reference standard based on observations made by five radiologists and the CAD system. The relevance of the first of these two factors is supported by a previously published study of CAD applied to thin-section single-detector row CT data, which also demonstrated smaller mean nodule diameters on thin sections than on 5-10-mm-thick sections (40) . In that study, Brown and colleagues assessed nodule detection on 1-mm-thick single-detector row CT sections in 20-mm-long subvolumes of chest CT data obtained in 29 patients with suspected pulmonary nodules observed initially on thick-section CT scans. The CAD system that they used achieved 100% sensitivity for the detection of 22 nodules with a diameter of 3 mm or more (mean, 6.3 mm) with 15 FP detections per 20-mm-long subvolume (40) . While it is impossible to place these results in the context of a whole-lung scan and of other published studies (Table 3), the successful detection of all nodules with a diameter of 3 mm or more, to our knowledge, was not reported prior to that study and may be in part attribut- able to the use of thin-section acquisition. The acronym CAD has been used to represent both computer-aided detection and computer-aided diagnosis. Initially, these might be considered identical, but there is an important difference when considering pulmonary nodules and lung CT. While CT is currently the most sensitive noninvasive means for detecting pulmonary nodules, the accuracy of differentiation between benign and malignant noncalcified nodules on the basis of a single CT scan is very low (41) . Although positron emission tomography, intravenous iodinated contrast medium uptake, and magnetic resonance imaging have been proposed for differentiation of malignant from benign pulmonary nodules, the current clinical standard for diagnosing malignancy in small lesions is to assess nodule growth on serial CT scans until the nodules reach a size threshold at which biopsy or excision is indicated. As a result, we have focused our CAD development on the detection of noncalcified nodules, leaving the decision of nodule risk to the radiologist. This strategy is consistent with the observation that most errors in diagnosis of lung cancer at CT are related to detection failure (20, (41) (42) (43) . As noted by White et al (42) , many detection failures are caused by the "satisfaction-of-search" effect, in which interesting but unrelated findings divert the radiologist's attention from the overlooked tumor. In a study of lung cancers missed on CT scans, White et al found that six (43%) of 14 misses were attributable to this effect, which they believed was far more common in the interpretation of CT scans than in that of chest radiographs. CAD is not susceptible to the satisfaction-of-search effect.
There were several limitations to our study. First, the effect of CAD on the radiologist's interpretation was not measured directly but was inferred by using the principles of double reading and the assumption that radiologists would accept all TP detections by CAD and reject all FP detections by CAD. As a result of this limitation, we cannot determine the actual effect of CAD on FP results. While preliminary data about radiologists' performance suggest that sensitivity gains can be achieved with use of CAD without an increase in the number of FP detections (8, 40) , the successful rejection of computer-aided FP detections by radiologists must be proved directly.
A second limitation is the lack of an absolute reference standard. Because histologic findings are rarely available for comparison with lung CT scans and because nodules that warrant follow-up may be transient findings, we relied on the consensus of two experts, who used sophisticated tools for two-and threedimensional visualization to establish the standard for a nodule that should be detected and followed up according to current standards of care. All nodules with a diameter of less than 3 mm were ignored because the confident detection of, and necessity of follow-up for, such small lesions is controversial. We do not know whether our results are generalizable to a lung cancer screening population. We studied CAD in the context of the common task of detecting lung nodules on routine lung CT scans, which is made more challenging by the thin sections inherent in multi-detector row CT acquisitions. Finally, our preliminary experience in establishing a reference standard for lung nodules by means of consensus reading taught us that additional radiologists and CAD will detect additional lesions not identified by members of the consensus panel. This result is not surprising in light of the substantial interobserver variability in nodule detection (Fig 7) . We elected to include detections made by CAD and the radiologist readers as specific sites for the consensus panel to review, to maximize the probability that the reference standard would contain all nodules with a diameter of 3 mm or more that were detectable with CT. Because the consensus panel was blinded to the source of the detections (ie, CAD or radiologists) and because the training of the CAD system for the purpose of setting the reference standard was independent of the evaluation of the CAD system with cross-validation techniques, any bias favoring CAD performance should have been minimized.
In summary, we have demonstrated that our CAD algorithm can detect a set of pulmonary nodules complementary to that detected by radiologists and, thus, may allow radiologists to improve the sensitivity of multi-detector row CT for lung nodule detection beyond that achieved with double reading by two radiologists. The complementarity of CAD and radiologist readings supports the view that CAD algorithms such as ours can assist radiologists in the detection of pulmonary nodules but cannot replace them. Future studies must focus on the effect of CAD on radiologists' efficiency and must develop an understanding of what number of FP detections would be acceptable with CAD in clinical practice.
